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Abstract 
The spectrum of this survey turns on the evaluation of various existing theoretical combining models, when 
invoked within the internal boundary condition management at a junction. Based on the assumption that: when 
the Froude number is low (i.e. the flow is subcritical), the energy equation at the junction can be approximated 
by the stages heads equality, actual literature and many commercial packages rather use this concept for the 
treatment of the junction's internal boundary handling seeing as: it is easy to implement and it avoids the solving 
of nonlinear equations. In the last decade, many nonlinear combining models, based on the momentum 
conservation through the junction, have been reported. However, using them to operate within the internal 
boundary condition treatment of an open-channel confluence has not yet been investigated. Hence, this research 
focuses on studying the practical aspect of several combining models, once applied within the junction's internal 
boundary management. Therefore, the recent nonlinear models of Gurram, Hsu and Shabayek have been briefly 
detailed together with the traditional concept of assuming water stages equality at the junction. Subsequently, an 
experimental examination was performed according to available experiments as mean to pre-evaluate (separately 
at the junction) the four junction models in the steady state. Moreover, according to the latter inspection the 
attention was constrained to study the effect of high/low subcritical Froude number at the junction. Finally, two 
hypothetical hydraulic problems were broached so as to exhibit the performance of these junction models used to 
contend the junction's internal boundary handling, involving: a) steady and transient flow; b) high and low 
(subcritical) Froude number at the junction. Supported by the experimental and numerical investigations, it can 
be concluded that even while the Froude number spectrum is subcritical, precautions have to be taken when 
dealing with the concept of energy heads equality, notably for a Froude higher than 0.35 at the junction. 
Keywords: 1D, open-channel network, combining models, subcritical, boundary conditions, steady and transient. 
21 Introduction  
For many practical problems, water-surface profiles computations may be required for 
steady and unsteady flows at an open-channel network. This system entails a combination of a 
main channel and some tributaries; typical examples are encountered in urban water network, 
irrigation and drainage canals, and natural river systems. A simple channel network is a 
combination of three interconnected branches joined at a junction. However, in the field of 
one-dimensional modelling, the existence of an internal junction poses difficulties in the 
simulation of water flow through such system because the junction area is a point of local 
inapplicability of the shallow water equations [7] and acts as an internal boundary condition. 
 Let us consider the end points of the three channels at the junction (Fig. 1). Finding the 
solution of these points for every time step, means to solve for six unknowns: three discharges 
and three water depths. In the case of subcritical flow, four relationships will be obtainable: 
three propagating from the characteristics curves and the fourth by assuming the mass 
continuity through the junction. Thus, two remaining equations have to be specified and will 
be referred to a junction model. Typically, when the flow is subcritical, the usual way in 
which the set of equations is completed, is by assuming the equality of water levels or that of 
energy levels at the junction [1]. This approach has been recognized by several publications 
[2,23] and many commercial packages [8,9,13,16] combined with different numerical 
schemes because its main advantage is that it avoids the solving of nonlinear equations when 
handling the internal boundary condition. 
In the last decade, several one-dimensional theoretical junction models, which are based 
on the momentum principle, were developed. However, these models have seen, surprisingly, 
a little formal attention. These models provide the necessary interior boundary equations 
governing combining subcritical open-channel junctions. Given the inflow discharges and a 
downstream boundary condition, these models calculate the upstream depths for each of the 
3incoming channels. Gurram et al. [11] and Hsu et al. [14] established mathematical models 
based on the conservation of the momentum and the assumption of depths equality upstream 
of the junction. Lately, Shabayek et al. [20] pioneered a general nonlinear model based on the 
theory that involves almost all the physical effects. Nevertheless, incorporating these models 
within an internal boundary management of a numerical method has not yet been examined in 
the literature. Consequently, the main goal of this survey is to provide the practical 
performance of applying the previously stated junction models (of combining subcritical 
flow), when employed within the internal boundary condition treatment at the junction. 
Further, we aim at demonstrating, upholded by numerical and experimental evidences, that 
the conventional concept of energy heads equality does not (always) ensure the conservation 
of the momentum through the junction and is not sufficient, even while the Froude number 
range is subcritical. Hence, an experimental examination was performed to weigh up the four 
junction models in the steady state and to spot the interest of considering the effect of the 
Froude number at the junction. After that, two hypothetical hydraulic combining problems 
were detailed and simulated by applying the first order explicit scheme of Roe [19] to 
compute the solution in branches. At the junction, the internal boundary condition 
management was performed with the participation of the four confluence models, separately. 
The results, involving steady/transient flow and high/low Froude number at the junction, were 
illustrated comparing the numerical achievements of the stage equality concept versus the 
nonlinear confluence models based on the momentum conservation principle. 
 The layout of this paper is as follows: in section 2, we will briefly discuss some recent 
subcritical junction models. Furthermore, a comparison between these models with available 
experiments will be performed. As for section 3, it presents the shallow water equations and 
briefly describes the numerical method with its boundary conditions handling. Section 4 is 
devoted to the numerical results and discussions. 
42 Junction models 
2.1 Literature review 
Previous studies on combining open-channel flows proposed theoretical approaches 
based on mass and momentum conservations, which allow solving for the upstream-to-
downstream depth ratio. Taylor [21] presented the first study on simple junction flows, and 
referred to the complexity of the problem. The author conducted experiments in horizontal 
rectangular branches, with junction angles of 45° and 135°. For given downstream flow depth, 
discharge ratio at the junction and a combining junction angle, the researcher derived an 
equation to solve the relative upstream flow depth. The comparison to its results data showed 
a fair agreement for the angle 45° and a poor agreement for the angle 135°. A second 
systematic study to simple junction flows was presented by Webber and Greated [22]. A 
small model with junction angles 30°, 60° and 90° was set up. Modi et al. [17] investigated 
open-channel combinations using a conformal mapping approach based on a complex 
variable theory and therefore did not account for energy losses. Best and Reid [4] analyzed 
experimentally the geometry of the separation zone at sharp edged open-channel junctions. 
The results included data for the length and the maximum width of the separation zone. The 
researchers found that both the width and length of the separation zone increase 
systematically with an increase in the confluence angle and the discharge of the lateral branch. 
The shape index of the separation zone was defined as the ratio of the maximum 
recirculation's width to its length. For a right-angled junction flow, the shape index has 
approximately the same value for various discharge ratios with a mean value of 0.19. In 
discussing the experimental approach of Best and Reid [4], Hager [12] introduced a simple 
model in which the pressure distribution on the lateral sidewall and the lateral momentum 
contribution were taken into account. The author aimed at predicting the width of the 
5separation zone by a one-dimensional approach. Ramamurthy [18] studied the combining 
open-channel flow at right angled junction on the basis of momentum transfer from the lateral 
branch to main channel branch. The researcher applied separate momentum equations for the 
flow in both the lateral and main channels. The lateral momentum contribution was found to 
increase as the lateral discharge ratio increases. 
Recently, Gurram et al. [11] studied the characteristics of the lateral flow and the flow 
contraction in the tail water channel and determined expressions for the momentum correction 
coefficients and the lateral wall pressure force. An equation for the ratio of flow depths in the 
lateral and in the upstream branches was provided. Hsu et al. [14] applied overall mass and 
energy conservation to the junction and momentum conservation to two control volumes in 
the junction and computed an energy loss coefficient as well as the depth ratio. All of these 
studies were for an equal-width junction flow and by assuming the equality of the upstream 
and lateral depths. Most recently, Shabayek et al. [20] developed a one-dimensional 
theoretical model providing the necessary interior boundary equations for combining 
subcritical open-channel junctions. The main advantage of this model is that it does not 
assume the equality of the junction's upstream depths. The dynamic treatment of the junction 
is so consistent with that of the reaches in a network model. The model is based on applying 
the momentum principle together with mass continuity through the junction. Shabayek et al. 
[20] constructed an analytical approach that solve for the upstream-to-downstream depth ratio 
and the lateral-to-downstream depth ratio in the junction.  
2.2 Combining models  
This subsection consists of a brief description of some recent nonlinear junction models, 
together with the stages equality model. Therefore, we denote by branch u, branch L and 
branch d, the upstream, lateral and downstream branches to the junction (Fig. 1), respectively. 
The water depths at the upstream, lateral and downstream points to the junction are denoted 
6by hu, hL and hd. Yu = hu / hd   and YL = hL / hd are the upstream-to-downstream and the lateral-
to-downstream depth ratios, qu = Qu / Qd and qL = QL / Qd the upstream-to-downstream and 
lateral-to-downstream discharge ratios, δ the junction angle, and Fd the Froude number at the 
downstream point of the junction. Given the inflow discharges and a downstream boundary 
condition, these models calculate the upstream depths for each of the incoming channels. 
2.2.1 Equality model 
It is the easiest model amongst all due to it simplicity and linearity. Akan and Yen [1] 
showed that when the flow through the junction is subcritical, the energy equation can be 
approximated by the water stages equality. As mentioned in the introduction, this model is 
used by many engineering software packages [8,9,13,16]. This concept allows finding for the 
upstream and lateral depths as: 
u d
L d
h h
h h
=

=
      (1) 
2.2.2 Gurram and Hsu models 
These nonlinear formulae are based on the conservation of the momentum principle. 
However, they are restricted to the assumption of depths and breadths equality upstream of 
the junction. The equations derived by Gurram et al. [11] and by Hsu et al. [15] are, 
respectively, the following: 
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where,  is the streamline angle. Following Hager [12],  is related to  by  = 8  / 9. 
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7where,  and  are the energy and momentum correction factors. A mean value of  and  are 
1.27 and 1.12, respectively. 
2.2.3 Shabayek model  
The main advantage of Shabayek's framework is that neither stages equality nor equal 
branches widths are assumed at the junction. This model is composed of two huge nonlinear 
equations and was conducted recently by Shabayek et al. [20]. The model is based on 
applying momentum principle together with mass continuity through the junction. This 
analytical approach for solving nonlinearly for the junction's upstream flow depths has the 
following make up:  
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where Bu, BL and Bd indicate the widths of the upstream, lateral and downstream branches at 
the junction. w1 = Bu / Bd and w2 = BL / Bd are the upstream-to-downstream and lateral-to-
downstream width ratios, So the longitudinal slope of the junction, C* the Chezy 
nondimensional coefficient, L1 and L2 the outer lengths of the two control volumes, K
* the 
interfacial shear coefficient, and K the separation zone coefficient. The values of K* and K are 
given by: K* = -0.0015 δ + 0.3 and K = 0.0092 δ - 0.1855. 
82.3 Experimental investigation in stead state 
In this subsection, the experimental results conducted by Hsu et al. [14,15] and Webber 
and Greated [22] are used for the verification of the previously presented confluence models. 
Hsu et al. [15] carried out experiments in a rectangular flume with a horizontal bed. The main 
and lateral branches were 6 and 1.5 m long, respectively. The branch width is 0.155 m with a 
junction angle fixed to 90°. Whereas, in Hsu et al. [14] construction, the main and lateral 
branches were 12 and 4 m long, respectively. The branches breadths are 0.155 m with a 
junction angle being 30°, 45° and 60°. The Webber and Greated [22] branch was 0.127 m 
wide with a junction angle of 30° and 90°. In all the tests, the Chezy nondimensional 
coefficient is equal to 17. In Fig. 2 we compare the four confluence models according to Hsu 
et al. [14,15] data where Yu is evaluated against qu according to four cases of junction angles, 
which are: δ = 30°, 45°, 60°, 90°. On the other hand, Fig. 3 inspects the performance of these 
models according to the Fd variation via the data of Webber and Greated [20] where the 
following four cases were considered: δ = 30° and qu = 0.2, δ = 30° and qu = 0.6, δ = 90° and 
qu = 0.2, δ = 90° and qu = 0.6. The global aspect depicted from these figures is that the depth 
ratios predicted by the models based on conservation of momentum are, obviously, closer to 
the experimental data. For a quantitative comparison, the percentage of the relative errors 
between the predicted and the available experiments were calculated according to the 
following formula:  
100
−
= ×
experiment predicted
experiment
Y Y
Error
Y
    (5) 
Table 1 and table 2 list the errors corresponding, respectively, to Fig. 2 and Fig. 3 plots. The 
maximum errors generated by the equality model are 16% for table 1 and 15% for table 2, 
whereas these maximum errors in table 1 and table 2 remain, respectively, less that 4% and 
less than 8% through the use of a momentum based junction models.  
9While table 1 and table 2 reflect the that: the more  and Fd increase the more the errors 
will be affected; however, if we look in detail to the errors variation in table 1 and table 2, we 
mark that the weight of the Fd increase is more influential on the errors when compared to the 
weight of the  increase. In fact, on one hand, the nonlinear junction model functions are more 
sensitive to the Fd variable since it is involved under a quadratic dependence. On the other 
hand, the Fd dependence show a rapid convergence to zero error as the Fd decreases. 
Consequently, the numerical section of this research will be restrained to investigate the effect 
of Fd on the considered confluence models.  
It is worth stressing that, according to this investigation, the Shabayek model mostly 
attains the best agreement with the experimental data while the equality model has generated 
the greatest errors amongst all. However, when the junction's downstream Froude number was 
small (Fd  0.35), the errors remained acceptable (less than 8%). 
3 Numerical method 
3.1 Shallow water equations 
It is generally accepted that the unsteady flow of water in a wide channel of slowly 
varying cross-section with a sufficiently gentle bottom slope can be described by the one-
dimensional shallow water equations. Recent schemes [2,3,19,10,23] are based on the 
conservative formulation of the Saint Venant system, because it is related closely to the fluxes 
action on the flow. For flow in a prismatic channel of rectangular cross-section, the system 
has the following conservative form:  
( ) ( )
t x
U F U G U+ =       (6) 
where, U = [A ; Q]T is the flow vector, F(U) = [Q ; Q2 /A + 0.5 g B h2]T the flux vector, and 
the source terms are represented by the source vector G(U) = [0 ; g A (So - Sf)]
T. The 
superscript T designates the transpose of a vector, t the time (s), and x the longitudinal 
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distance (m). A is the wetted cross-sectional area (m2), Q the flow discharge (m3/s), g the 
acceleration due to gravity (m/s2), B the channel bottom width (m), and So is the bed slope. Sf
represents the friction slope defined in terms of the Manning's roughness coefficient [5]. The 
Saint Venant system is solved (in the reaches) by the application of a first order upwind 
explicit scheme giving (6) a discretized form, namely:  
( )1 1 2 1 2n n n n ni i i / i / itU U F F tG
x
+
+ −
∆
= − − + ∆
∆
     (7) 
The numerical flux function F  at the interfaces is obtained by applying the Riemann solver 
of Roe [19] and an upwind treatment of the source term was performed following the lead of 
Bermudez and Vazquez [3]. To maintain the stability of the numerical scheme, the time step 
t is calculated according to the stability criteria of Courant et al. [6] (CFL). In this paper, the 
CFL number is chosen equal to 0.95. 
3.2 Boundary conditions 
Although the characteristic form of the Saint Venant's momentum equation has lost almost 
all reference to the forces and fluxes included for the conservation of momentum, this form 
provides an insight into shallow-water wave motion, which is not evident in the other forms. 
This form is a transformation of Saint Venant's momentum equation where the derivatives are 
taken in the proper directions, called characteristics directions, and can be written as ordinary 
derivatives and not partial derivatives. The Saint Venant characteristic form is:  
( ) ( )/ ( ) /   ( ) / ( ) / ( )o fQ t u c Q x u c A t u c A x gA S S∂ ∂ + ± ∂ ∂ + − ± ∂ ∂ + ± ∂ ∂ = −   (8) 
where the above differential operators (d± / dt  =   / t + (u ± c)  / x) are in fact the total 
derivatives in along the characteristic lines defined by dx / dt  =  u ± c (denoted C+ and C-).  
In practical applications, every channel is of finite length; at some point the analysis starts and 
at another it ends, so boundaries must be defined. When the flow is subcritical, the conditions 
at the boundaries of a channel are shown in Fig. 4. The interval of dependence for the 
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upstream most point on the channel is somewhat upstream from the boundary point. Thus, 
estimation of flow conditions at this boundary point requires information about the flow 
conditions upstream of the boundary. The C+ trajectory from upstream points affects the flow 
at that point in the (x-t) plan; therefore, a single physical condition must be specified at the 
boundary point. As the C- curve leaves the domain, the influence region belongs to the 
computational domain and the information linked to that characteristic curve depends 
exclusively on interior points. Again, at the downstream boundary, part of the interval of 
dependence falls outside the channel length being analyzed, and a physical downstream-
boundary condition must be supplied. The numerical boundary condition has to be integrated 
from the Saint Venant characteristic form along the C+ characteristic curve. In the case of 
subcritical flow, the most usual physical boundary conditions are a discharge hygrograph Q(t)
at the inlet and a water depth limnigraph h(t) at the outlet. In finding the equations involving 
numerical boundary conditions, we followed the framework of Garca-Navarro and Savirón 
[10]. 
Generally, to find the solution at the internal points enclosing the junction, we have to 
find six unknowns (Fig. 1): three discharges Qu, QL and Qd and three water levels hu, hL and 
hd. Since the junction links three channel branches, three numerical characteristics equations 
will be provided (Fig. 5) having the form: Qu = f(hu), QL = f(hL) and hd = g(Qd), where f and 
g represents linear function. The fourth equation (Qd = Qu + Qd) is supplied from the mass 
continuity assumption. This set of equations will be completed by selecting one of the 
presented combining models (subsection 2.2).  
4 Numerical results and discussions 
In this section, we aim at studying the performance of the described junction models (of 
section 2) when adopting them to cope with the internal boundary condition treatment relating 
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the flow variables at the open-channel confluence. Sustained by the steady state experimental 
survey of section 2.3, two hypothetical hydraulic problems with constant junction angle of δ
= 45° are investigated. The main flow is influenced by a local lateral inflow while remaining 
subcritical in the outgoing waterway. A steady case and a transitory case are defined for the 
first problem. Their main feature is that the Froude number at the junction's downstream is 
high (Fd  0.70 for the steady case and 0.70  Fd  0.87 for the transient case). On the 
contrary, the make up of the second problem corresponds to a low Froude number at the 
junction's downstream (Fd  0.35). For the steady and transient cases of both problems, the 
initial conditions are taken as a uniform state in all branches and for all models. Thirty 
uniformly distributed cells were used in these computations. 
4.1 Problem 1 
This problem is composed of three rectangular branches of equal width, length and 
slope. The junction's Chezy coefficient is 83 (used by Shabayek model) and the properties of 
the branches are listed in table 3. We explored the steady case and an unsteady case. As 
discussed before, we have to specify the physical boundary conditions, i.e. the discharge flow 
input at the upstream and lateral inlets, and the depth at the outlet of the downstream reach. 
Thus, the steady solution is ensured by fixing 30 m3/s and 20 m3/s flow discharges at the 
upstream boundary of channels u and L, respectively, and a constant depth of 1.69 m at the 
downstream of branch d. The scheme has been left to convergence and the steady state profile 
of the flow variables along the three branches are plotted in Fig. 6. 
Subsequently, and by considering the latter steady state profile achieved by the use of 
Shabayek model as an initial condition, an unsteady case was defined by abruptly increasing 
the inflow discharges from the value of 30 to 60 m3/s in branch u and 20 to 40 m3/s in branch 
L while keeping the outflow depth constant in the outgoing branch d. The resolutions of the 
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four confluence models are displayed in Fig. 7, which provide the time evolution of the flow 
variables simulated at the mid-point of each branch 3,000 s after the steady state.  
Analyzing Fig. 6, good discharge conservation was propagated by the use of the four 
combining models as well as to indistinguishable depths profiles for the downstream reach. 
However, by focusing on the depths profiles corresponding to the upstream and lateral 
reaches, a crucial difference emerges between the result accomplished by the use of the 
equality model and the results achieved by employing the Gurram, Hsu and Shabayek models. 
These momentum based models led, conversely to the depth profile relative to the equality 
model (that was apart), to close to each others depths profiles. It is worth noting that this 
deviation, between the depth profile corresponding to equality model and the other depths 
profiles, is not surprising since these junction models calculate for depths at the points 
upstream of the junction. A more worthwhile result appears in the unsteady case of this 
problem (see Fig. 7) because the poor resolution of the equality model extends its range to 
influence, as well, the depth profile of the downstream branch and the discharges profiles. 
The results, now, are more flagrant; in all the displayed hydrographs, we smear a significant 
deviation between the results provided by the use of the equality model and the achievements 
corresponding to the other models. To be quantitative, the percentages of the maximum 
deviation of the flow variables according to the Shabayek model results have been calculated 
according to the following formula:  
100
	 

−
= ×  
 
model Shabayek
Shabayek
Y Y
Error
Y
     (9) 
Observing the data listed in table 4, a mean error of 17.6% and 22.6% in the depth and 
discharge, respectively, is acquired by the use of the equality model, whereas the mean error 
generated by the use of the other models remains less than 5% in the depth and 5.5% in the 
discharge. 
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4.2 Problem 2 
Since the unsteady case of problem 1 reflects more the flawed performance of the 
equality model compared to the others, we have examined a transient case for this problem. 
The branch width downstream of the junction is equal to the sum of the widths of the two 
branches upstream of the junction. The unsteady boundary conditions and all the other 
properties of this problem are listed in table 5. The Chezy coefficient for Shabayek model is 
chosen to be equal to 42. The initial condition was taken as a uniform flow with a depth of 
1.42 m, a discharge of 50 m3/s in both the upstream and lateral branches and a discharge of 
100 m3/s in the downstream branch. Fig. 8 puts on view the depth and discharge peaks 
simulated, by the use of the four investigated junction models, at the mid-point of each branch 
20,000 s after the initial condition. In this situation, the results carried out by the numerical 
method applied jointly with each of the combining models appear to have fairly similar 
outcomes.  
After the numerical evidences of these two computational examples and supported by the 
investigation of section 2.3, we reveal that: even while Fd is framed in the subcritical flow 
spectrum, the conventional concept of energy heads equality does not ensure the conservation 
of the momentum and it is not sufficient when dealing with high Froude number at the 
junction. On the contrary, when this number is small (Fd  0.35), reasonable flow data was 
transmitted by the application of the equality model. 
5 Conclusions 
In the simulation of the shallow water flow through channel networks, the water stages 
equality assumption is widely applied by many publications and several engineering software. 
The main advantage of this work is to enable the reliability of this concept. Hence, this 
research weighs up the equality model performance in proportion to the performance of some 
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nonlinear combining models (for subcritical flow), which were designed based on the 
conservation of the momentum principle. Thus, the nonlinear junction models of Gurram, Hsu 
and Shabayek were considered and briefly detailed additionally to the equality model. Then, 
an experimental investigation in the steady state was carried out to emphasize the merit of 
considering the effect of the junction's downstream Froude number (Fd). This experimental 
observation has pointed up that the equality model leads to fair agreement when Fd remains 
less than 0.35. Afterwards, a more realistic application (involving steady and transitory flows) 
has been considered and implemented by a numerical method adopted with an internal 
boundary treatment, which was performed with the collaboration of four detailed junction 
models; each confluence model has been considered, separately, and incorporated to contend 
the internal boundary condition management. Two hypothetical (simple network system) 
examples were computed: one is characterized by a high Fd (0.70  Fd  0.87), and the other 
characterized by a low Fd (Fd  0.35). For the case involving the high Fd, a weak performance 
was achieved by the application of the equality model showing a poor conservation of the 
momentum through the junction, as the corresponding flow lines were deviated from the 
others models results, remarkably in the transient case. Conversely, for the case involving the 
low Fd, suitable numerical profiles were carried out by the equality model as its outcomes 
were very close to the achievements of the momentum based models. By this means, we wrap 
up saying that the equality of water stages at the junction represents a suitable approximation 
of the energy equation for Fd  0.35. When having a higher Fd, it will be advised either to use 
a junction model based on the momentum conservation principles or to handle the junction 
existence by a 2D numerical simulation. The follow-up to this study will consist of applying 
transitional one-dimensional combining models to simulate transcritical flows at a junction. 
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Notations 


           
             
t 
x 
A
B              
C+
C-  
C*
F
F 
g   
G    
h 
K  
K
* 
          
Q                  
q              
So                 
Sf            
t  
U  
w 
x 
Y
energy correction factor 
momentum correction factor 
streamline angle 
junction angle 
time step 
grid space 
cross-sectional 
channel bottom width 
positive characteristic curve 
negative characteristic curve 
Chezy nondimensional  
flux vector 
Froude number 
gravitational force 
source vector 
water depth 
separation zone  
interfacial shear  
flow discharge 
discharge ratio 
bottom slope 
friction slope 
time  
flow vector 
width ratio 
distance 
depth ratio 
subscript  
u 
L 
d 
upstream branch  
lateral branch 
downstream branch 
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Figures: 
Fig.1. A schematic view of a simple junction system. 
Fig.2. Comparison of the junction models with respect to Hsu et al. [14,15] experimental data; 
a) angle 30°, b) angle 45°, c) angle 60° and d) angle 90°. 
20
Fig.3. Comparison of the junction models with respect to Webber and Greated [22] 
experimental data; a) angle 30° and qu = 0.2, b) angle 30° and qu = 0.6, c) angle 90° and qu = 
0.2, and d) angle 90° and qu = 0.6. 
Fig. 4. Characteristic lines in the (x-t) plan relative to a subcritical flow. 
21
Fig. 5. Characteristic lines at the junction. 
Fig.6. Steady state profile for problem 1. Water depth and flow discharges: a) upstream 
branch, b) lateral branch and c) downstream branch.
22
Fig.7. Depth and discharge hydrographs simulated at the mid-points of the branches for the 
transient case of problem 1; a) upstream branch, b) lateral branch and c) downstream branch. 
23
Fig.8. Depth and discharge peaks simulated at the mid-points of the branches for problem 2; 
a) upstream branch, b) lateral branch and c) downstream branch. 
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- Tables - 
Errors 
(%) 
Equality Gurram Hsu Shabayek
    
30° 10 4 1 0.9 
45° 11 4 1 0.9 
60° 13 4 2 2 
90° 16 3.6 2 1 
Table 1: errors generated by the junction models with respect to Hsu et al. [14,15] data. 
Errors
(%) 
Equality Gurram Hsu Shabayek
Fd     
0.24 2.5 0.9 1.1 0.32 
0.38 7 3.2 1.4 0.35 
0.5 12 3.6 5.1 2 
0.6 15 3.7 8 4.7 
Table 2: errors generated by the junction models according to Webber and Greated [22] data. 
Branch Length 
 (m) 
Slope Width 
 (m) 
Manning
coefficient
u 600 0.001 10 0.0141 
L 600 0.001 10 0.0138 
d 600 0.001 10 0.0125 
Table 3: branches properties for problem 1. 
Errors 
( % ) 
Equality Gurram model Hsu model
Depth Discharge Depth Discharge Depth Discharge 
Branch
      
u 19.9 9.8 4.8 2.2 3.2 1.7 
L 21.1 29.4 5.2 7.6 3.6 3.1 
d 13.9 28.7 3.3 6.5 1.8 4.0 
Table 4: equality, Gurram and Hsu deviations according to Shabayek model results for the 
transient case of problem 1. 
Branch Length
(m) 
Slope Width
(m) 
Manning
coefficient
Unsteady external
boundary conditions 
u and L 5000 0.0002 50 0.025 





+ ≤
= + < ≤
>
3
0.05 t 50            t 2000
Q 0.05 t 250       2000  t 4000
m /s
50                          t  4000
-
d 5000 0.0002 100 0.025 Uniform flow 
Table 5: reaches properties for problem 2. 
